ABSTRACT The toxicity and horizontal transfer of a new formulation of Þpronil, 0.5% Þpronil dust, was tested against Coptotermes formosanus Shiraki in the laboratory. The formulation was applied in three different ways: 1) Directly applied to termites (donors) and mixed with untreated termites (recipients) at three ratios, viz., 50 donors: 50 recipients, 20 donors: 80 recipients and 10 donors: 90 recipients. 2) Applied onto the surface of 3 mm thick sand or soil substrate in a petri dish and then topped with another 3 mm thick sand or soil layer whereupon termites were released. 3) Applied to the inner surface of a tube (either 5 cm or 15 cm long) that connected two foraging dishes, one containing dry sand and the other moist sand plus a wood block and termites were released into the dry sand dish. All donors and Ͼ93% of the recipients were dead by 42 h after treatment in the direct treatment experiment. SigniÞcant mortalities of both donors and recipients were observed at 5 h after treatment at all donor: recipient ratios. During this period, the mortality of the recipients (but not donors) at 10: 90 was signiÞcantly lower than those at the other two ratios. All termites were dead at 65 h after exposure (HAE) on the sand treatment and at 190 HAE on soil treatment. More than 96% mortality was observed at 40 HAE on the sand treatment as compared with only 6% mortality on soil treatment during the same time period. In the tube treatment experiment, Ͼ97% mortality was observed at 90 h after release for both tube lengths as compared with Ͻ3% mortality in controls. About half of the termites were dead by 15 h after release regardless of the tube length. Our results showed that 0.5% Þpronil dust is nonrepellent and readily transferred from treated to nontreated termites.
Termite research programs are directly or indirectly focused on the development of more effective, more environmental friendly and less expensive termite control methods. Consequently, not only are new chemicals with novel modes of action being brought into the market but also changes in formulations of already marketed pesticides that better target the termite being tested. Presently the termite control industry largely depends on the use of liquid soil termiticides around the structures for the prevention and treatment of structural infestations (Gahlhoff and Koehler 2001 , Anonymous 2008 , Hu 2011 . Imidacloprid (Premise), Þpronil (Termidor), chlorfenapyr (Phantom), indoxacarb (Aperion), and chlorantraniloprole (Altriset) are the widely used nonrepellent and delayed action soil termiticides (Potter and Hillary 2002; Wagner et al. 2002; Ibrahim et al. 2003; Remmen and Su 2005a,b,; Saran and Rust 2007; Mao et al. 2011 ) whereas pyrethroids are repellent soil barrier termiticides (Su and Scheffrahn 1990) . Because the current study is about a new formulation of Þpronil, we are mainly focused on this termiticide. Fipronil is a phenylpyrazole insecticide registered for use in the United States in 1999 as a termiticide. Fipronil disrupts the insect central nervous system by interfering with the passage of chloride ions through the gamma-amino butyric acid-(GABA-) regulated chloride channel (Cole et al. 1993) .
Use of dry formulations, such as insecticidal dusts against termites has been practiced for decades (Madden et al. 2000) . Termite gallery-targeted applications of slow acting toxicants such as arsenic dusts to impact colony populations were common in the United States during the early 20th century (Van Zwaluwenberg 1916 , Wolcott 1924 , Randall and Doody 1934 . Beginning from the late 1940s, persistent soil barrier organochlorine insecticides overshadowed all other termite control options until their negative impacts to the environment and nontarget organisms led to the withdrawal of these chemicals from the market in the mid-1980s (Environmental Protection Agency [EPA] 1998; Scheffrahn 1990, 1998) . Interest in termiticidal dusts and baits was resumed in the 1990s, with the aim to suppress or eliminate colony populations (French 1994 , Green et al. 2008 . A successful transfer of Avermectin BI dust from treated to untreated termites in laboratory tests led Esenther (1985) to suggest that termiticidal dusts could be used in colony elimination. Similarly, Grace (1991) re-ported that topical application of borate dusts to 10 Ð 20% of Coptotermes formosanus Shiraki or Reticulitermes flavipes (Kollar) workers in test groups caused mortality of all the termites (treated and untreated). He suggested that the toxicant transmission to untreated individuals could be by grooming or trophallaxis or both. Madden (2001) concluded that trißu-muron dust can successfully eradicate Coptotermes colonies when applied properly.
In this direction, a new formulation of Þpronil has recently been introduced in the market. It is a microcrystalline cellulose-based formulation with 0.5% active ingredient. Because this formulation is new, it is important to know its efÞcacy on different species of termites in terms time taken to kill the termites and horizontal transfer of the chemical among the nestmates. Here, our objectives were to determine the toxicity and horizontal transfer of this commercial formulation against C. formosanus. We treated termites in three different ways: 1) direct treatment (topical application), 2) termites exposed to sand containing 0.5% Þpronil dust, and 3) termites made to walk through a tube treated with 0.5% Þpronil dust.
Materials and Methods
Termiticide to be tested, 0.5% Þpronil dust (trade name-Termidor Dry, a Microllose-based formulation with 0.5% Þpronil; BASF Corp., St. Louis, MO) and inert material (cellulose microgranules) were provided by the third author (BASF Pest Control Solutions). Foraging groups of two colonies of C. formosanus were collected from infestations in Brechtel Park in New Orleans, LA, using structured crate trap technique (Gautam and Henderson 2011a) . Termites collected were maintained in trash cans with moist wood and high relative humidity for 1Ð2 mo before use in the experiments. Healthy looking and active workers and soldiers (workers were at least third instar) were selected for the tests. The proportion of soldiers included in all the tests was 10%. To evaluate the toxicity and horizontal transfer of 0.5% Þpronil dust against Formosan subterranean termites, three experiments were conducted.
Direct Treatment. The termiticide, 0.5% Þpronil dust, was applied directly on a group of termites, termed as "donors." The donors were then mixed with a group of naṏve termites called "recipients" in a petri dish (100 ϫ 15 mm, called "transfer dish"). The recipients were dyed blue termites that were fed Nile Blue A (Sigma-Aldrich Co. LLC., St. Louis, MO) dyed Þlter papers after the procedures of Gautam and Henderson (2011b) . The donors and recipients were mixed in three different ratios, viz., 50 donors:50 recipients (1:1), 20 donors:80 recipients (1:4), and 10 donors:90 recipients (1:9). Inert material was used as a control and the ratio of donor versus recipient in the control was 50:50 (1:1). There were total eight replications with four replications from each colony.
To treat the donors, counted groups of termites were placed in a deep snap cap plastic vial (3.2 cm diameter ϫ 8.2 cm height) and 0.5% Þpronil dust was applied by giving three full bulb compressions for a group of 50 termites and one and two full bulb compressions for the groups of 10 and 20 termites, respectively. The amount of 0.5% Þpronil dust was determined with the reference of previous studies of LD 50 (Ibrahim et al. 2003 , Mao et al. 2011 . The manufacturerÕs description states that three bulb compressions of the applicator deliver Ϸ0.1 g of the product. This was veriÞed from our measurement that showed that one full bulb compression emitted Ϸ33 mg of 0.5% Þpronil dust, which was Ϸ165 g active ingredient. This amount would provide 1.36 g active ingredient each for Ϸ120 termites if 100% of the 0.5% Þpronil dust were to deposit on the termitesÕ bodies. However, in practice, only a small fraction of the applied material actually was deposited onto them. Although we did not measure the exact amount of materials attached on termites (or picked up by termites), apparently most of the emitted material was left in the container after the termites were removed. Use of the deep plastic vial helped to target the termites. The donors were then transferred to two clean intermediate dishes and allowed to right themselves and walk for about a minute before transfer to the transfer dish containing moist sand, a Þlter paper (55-mm diameter, Whatman) and a group of recipients at the designated ratio. The use of intermediate dishes was to ensure that no extra chemical from the vial was moved to the Þnal transfer dish. The transfer dishes were placed in the laboratory at 22 Ϯ 1ЊC and mortalities were recorded at 2, 5, 20, and 42 h after treatment (HAT). The periods of observation were determined based on preliminary studies. Mortality data were recorded by somehow counting the dead termites and/or by counting both the live and dead ones to get an idea of the dead number. Petri dish lids were opened whenever needed with less possible disturbance. Final mortality was recorded by disassembling the experimental units. A termite was considered dead when it was on its back or side (not supported by legs) and not able to right itself or move even after prodding with soft forceps.
Substrate Treatment. Two substrate types, sand (Þne construction sand, purchased from Louisiana Cement Products LLC, Baton Rouge, LA) and soil (silt loam soil, collected from Ben Hur Research Station, Baton Rouge, LA) were used in this experiment. The sand and soil were autoclaved, coarse and foreign materials removed and a sample of each was analyzed in Coastal Wetlands Soils Characterization Lab of Louisiana State University for soil texture and organic matter content (Table 1) . The sand and soil used in the experiment were moistened to 10 and 20% by wt., respectively. A Þlter paper was placed on a petri dish and covered by a 3-mm thick layer of sand or soil. Termiticidal dust or blank control was applied on the sand or soil surface with three full bulb compressions and then topped with another 3-mm thick sand or soil layer. This allowed the termites to avoid direct contact to 0.5% Þpronil dust at the time of release. The amount of 0.5% Þpronil dust in the test substrate was determined based on LC 50 studies of Mao et al. (2011) and Remmen and Su (2005a) ; the present concentration being in-between the ones reported by these two studies. Seventy-Þve termites were released on each dish. Termites were expected to tunnel through the sand or soil and reach the Þlter paper placed on the bottom, and in the process, become exposed to the termiticide. Each treatment or control was replicated eight times with four replications each from two colonies. The dishes were placed in the laboratory at 22 Ϯ 1ЊC and mortalities were recorded at 2, 5, 15, 40, and every 25 h intervals thereafter until termites were dead.
Tube Treatment. The test arena consisted of two equal sized round acrylic containers (5.08 ϫ 3.63 cm, Pioneer Plastics Inc, North Dixon, KY) connected by clear tygon tubing (0.64 cm internal diameter, Watts Co., North Andover, MA). One dish contained dry sand, called "release dish" while the other contained moist sand and a moist wood block (Pinus sp. 1 ϫ 1 ϫ 0.5 cm), called "foraging dish." The inner surface of the tubing was treated with 0.5% Þpronil dust so as termites moved from the release dish to the foraging dish they would be exposed to the chemical in the tubing. Treatments consisted of two different lengths of treated tubes, 5 cm and 15 cm as well as controls (applied with blank material). The tubes were treated before being attached to the dishes to avoid any possible drift of chemical to the release or foraging dish. To treat the inner surface of the tube, two full bulb compressions of 0.5% Þpronil dust, one from each end of the tube was given by inserting the nozzle tip through the tube. This avoided possible accumulation of chemical on only one side of the tube and helped to uniformly distribute throughout the length. The amount of 0.5% Þpronil dust administered in the tube was determined in the same way as in the direct treatment described before. One hundred termites were introduced in the release dish and the set up was placed in the laboratory at 22 Ϯ 1ЊC. There were eight replications of each treatment or control and termites from two different colonies were used. Location of termites was recorded after 2 h and mortalities were recorded at times as listed above in the substrate treatment experiment.
Statistical Analysis. For all the treatments, data were analyzed separately for each time period. To improve normality, mortality proportion was transformed by arcsine of the square root and analyzed using proc mixed procedure in SAS 9.3 (SAS Institute Inc., Cary, NC) where colony was considered as a random factor (block factor). Means separation was performed using TukeyÕs honestly signiÞcant difference (HSD) test at ␣ ϭ 0.05.
Results
Direct Treatment. There was no mortality observed at 2 HAT though there appeared to be less tunneling activity in the treatment where the donor and recipient ratio was 1:1 as compared with the other two ratios or control. At 5 HAT and thereafter, 0.5% Þpronil dust caused signiÞcant mortality to both donors and the recipients (5 h: F ϭ 46.45; df ϭ 3, 55; P Ͻ 0.0001; afterward: P Ͻ 0.0001). At 5 HAT, there was no signiÞcant difference in donor mortalities among the three donor recipient ratios, however, the recipient mortality was signiÞcantly higher at 1:1 ratio (16.5% mortality) compared with 1:5 (6.5% mortality) or 1:9 (2.2% mortality) ratios (Fig. 1) . There was no mortality of either donors or recipients in the control. At 20 HAT, the mortalities of donors were near 100% and of recipients Ͼ90% in the treatments where the donors and recipients ratio was 1:1 or 1:5. In the case where donors and recipients ratio was 1:9, the mortalities were still very high (90% donor mortality and 75% recipient mortality) but signiÞcantly lower than the respective mortalities of the other two ratios. At 42 HAT, donors in all three ratios and recipients in 1:1 ratio were dead; the mortalities of recipients in the remaining two ratios being Ͼ93%. None of the termites were dead in controls during this period (Fig. 1) .
Substrate Treatment. No mortality was observed at 2 or 5 h after exposure (HAE). At 15 HAE and thereafter, termite survival was signiÞcantly affected by 0.5% Þpronil dust treatment (15 h: F ϭ 19.32; df ϭ 1, 27; P Ͻ 0.0002; afterward: P Ͻ 0.0001) and also by the interaction of the chemical and substrate (15 h: F ϭ 19.32; df ϭ 1, 27; P Ͻ 0.0002; afterward: P Ͻ 0.0001). Approximately half of the termites (47.3%) died at 15 HAE in the sand treatment but none of the termites were dead in the soil treatment, nor in the controls. A small percentage of the termites (6%) were dead at 40 HAE in the soil treatment that was signiÞcantly higher than the control but signiÞcantly lower than that in the sand treatment (96% mortality). All of the termites were dead at 65 HAE in the sand treatment but only 23% termites were dead in the soil treatment. At 190 HAE, Ͼ98% of the termites were dead in the soil treatment as opposed to Ͻ3% in the control (Fig. 2) .
Tube Treatment. After release, termites immediately started to leave the release dish containing dry sand and move through the connecting tube toward the foraging dish containing moist sand plus a wood block. At 2 h after release (HAR), Ͼ95% of the released termites were recorded in the foraging dish and the remaining termites were either in the tube or in the release dish but there was no mortality during this period in any of the treatments. A signiÞcant effect of 0.5% Þpronil dust treatment on mortality was observed at 5 HAR and thereafter (5 h: F ϭ 11.44; df ϭ 1, 28; P ϭ 0.0021; afterward: P Ͻ 0.0001). At 5 HAR, Ϸ4% of the termites died in the 5 cm tube treatment as compared with 1% dead in the 15 cm tube treatment and no dead in controls. At 15 HAR, Ͼ50% of the termites were dead in both of the treatments (5 cm tube treatment and 15 cm tube treatment); the mortality was slightly higher in the 15 cm tube treatment, but not statistically different. At 40 HAR, mortality was Ͼ83% in both the tube lengths with the mortality reaching near 100% at 90 HAR as compared with no mortality in the controls (Fig. 3 ).
Discussion
The current study on 0.5% Þpronil dust is well-timed as termite control professionals are looking for alternatives to liquid termiticides and baits that can effectively target termite-active sites. Although application of dust formulations of termiticides has been practiced for decades, utilization of cellulose particles as a carrier of a toxicant for direct application to termite activity is new in the U.S. market. The results from the direct treatment tests, where 10% donors effectively transferred toxicants to 90% recipients to achieve Ͼ93% mortality of the recipients within 42 h, showed that 0.5% Þpronil dust is an effective termiticide with good transfer effect. Ibrahim et al. (2003) reported that topical application of liquid formulation of Þpro-nil (Termidor) to 10% donors and mixing with 90% recipients caused Ϸ28% mortality in the recipients in 48 h. Although, based on the amount of 0.5% Þpronil dust released from the applicator, the present dose seems higher than the LD 50 (1.36 ng/termite) reported by Ibrahim et al. (2003) using a liquid formu- Two important factors that determine the transfer of lethal doses from donors to recipients and then to subsequent recipients are: 1) whether the donors have sufÞcient toxicant to permit transfer of lethal dose to other individuals and 2) whether a very small amount of chemical is enough to kill a termite. These factors in turn determine what proportion of donors is required to kill the rest of the individuals (recipients) of a given colony. Regarding the second point, Þpronil has an advantage over other nonrepellent termiticides as it can kill a termite with the lowest dose Saran 2006, Mao et al. 2011) . However, it is not exactly clear how much toxicant a donor can acquire and what amount it can transfer to others. Saran and Rust (2007) suggested that with the use of liquid formulation of Þpronil, Ϸ1 donor was needed to effectively transfer Þpronil to a recipient. This implies that, to eliminate a colony, about half of the colony population needs to be directly exposed to the chemical. Ibrahim et al. (2003) showed that at least 40% of the test population needed to be treated with Þpronil to observe maximum horizontal transfer. Shelton and Grace (2003) emphasized the importance of dose reporting that lethal transfer of Þpronil or imidacloprid from donors to recipients was observed when the donors were exposed to high dose (100 ppm) but not at low dose (1 ppm). Based on the present results, we suggest that a single donor can readily acquire a high amount of 0.5% Þpronil dust particles to permit the transfer of a lethal dose to at least nine recipients.
In the substrate treatment bioassay, mortality depended on the type of soil used. The effect of soil type on the availability of liquid formulations of termiticides such as Þpronil, indoxacarb, chlorantraniliprole, and pyrethroids has been reported in previous studies (Henderson et al. 1998 , Forschler 2009 , Spomer et al. 2009 , Gautam and Henderson 2011b . They concluded that soils with higher organic matter have reduced bioavailability of the toxicants. The present results are consistent with the previous Þndings in that C. formosanus died more quickly in low organic matter sand (Ϸ100% mortality in 40 h) than in the high organic matter soil (Ϸ100% mortality in 190 h). It is, however, not clear whether the delayed death in soil is because of low availability of Þpronil in the soil or delayed release of the toxicants from the soil as all the termites were dead by 8 d in the soil also. In fact, it could also be argued that the increased time of termite activity in treated soil may increase the scope of horizontal transfer. Here, unlike the customary liquid termiticide treatment method in most laboratory experiments, 0.5% Þpronil dust was not mixed thoroughly in the substrate, rather it was applied in a way that the middle part of the substrate contained the particles. Termites were required to dig through the substrate to come in contact with the chemical. Therefore, the exact concentration of the active ingredient in the substrate is not applicable as some portion of the substrate had no chemical at all. The similar initial activity (e.g., excavating a gallery) by C. formosanus between the treated and control dishes suggested that 0.5% Þpronil dust was neither repellent nor detectable. A more delayed mortality exhibited by the termites passed through the treated tube than those in the direct treatment tests could be because of the dose dependent mortality, as termites are likely to acquire less toxicant by walking through the treated tube than by the topical application that more fully covers the entire body. Our purpose of treating a tube and making termites walk through it was to allow us to see how practical it would be to treat the termite activity sites such as shelter tubes, ßight ports and holes or voids in wood or walls and impact the termites that visit later. The results indicated that termites do not need to walk a long distance to pick up a lethal dose of these particles. From a practical point of view, this is a desirable attribute of the formulation as the treatment of a small area in an active site is enough to distribute 0.5% Þpronil dust particles to a large number of donors who happen to pass through the treated area.
Previous studies on 0.5% Þpronil dust are very few, only two studies reported so far are consistent with the present Þndings. A study by BASF (2008) reported that direct application of 0.5% Þpronil dust to donors of R. flavipes and mixing with the recipients at 1:1, 1:5, and 1:10 ratios resulted in 100% donor mortality and at least 88% recipient mortality at 8 h after exposure indicating that Þpronil acts faster on R. flavipes than C. formosanus. The faster action of Þpronil (liquid) on R. flavipes compared with C. formosanus was also reported by Remmen and Su (2005b) . Mao et al. (2011) reported that C. formosanus needed a higher dose of Þpronil than R. flavipes to obtain the same percentage mortality. Another study on 0.5% Þpronil dust was a Þeld study (G. H. and R. Story, unpublished data) which showed that C. formosanus population was successfully suppressed from a heavily infested house and two nearby infested trees (in Baton Rouge, LA). They reported that each of 32 active sites located (10 shelter tubes outside the house, 6 ßight ports inside the house, and 8 holes in each of the two trees) was treated with 2Ð7 bulb compressions (depending upon the size of the holes) of 0.5% Þpronil dust and inspection after 5 wk showed no termite activity in any of the sites except a couple of termites found at the base of one tree. After 6.5 mo only one site was located with an active tube. Their results indicated that Ϸ97% of the termite population from a heavily infested house and two large trees was successfully suppressed with the use of a few grams of 0.5% Þpronil dust. This formulation of Þpronil can be an alternative to liquid formulation for situations where a liquid formulation is either not practical or not desired. This formulation can also be used in combination with the liquid formulations and baits to achieve better results with residual protection provided with an accompanying soil treatment. Application of this formulation can potentially reduce environmental contamination.
